The vibrational study in the solid state of flurbiprofen and its Cu(II) and Hg(II) complexes was performed by IR and Raman spectroscopy. The changes observed between the IR and Raman spectra of the ligand and of the complexes allowed us to establish the coordination mode of the metal in both complexes. The comparative vibrational analysis of the free ligand and its complexes gave evidence that flurbiprofen binds metal (II) through the carboxylate oxygen. The fully optimized equilibrium structure of flurbiprofen and its metal complexes was obtained by density functional B3LYP method by using LanL2DZ and 6-31 G(d,p) basis sets. The harmonic vibrational frequencies, infrared intensities and Raman scattering activities of flurbiprofen were calculated by density functional B3LYP methods by using 6-31G(d,p) basis set. The scaled theoretical wavenumbers showed very good agreement with the experimental values. The electronic properties of the free molecule and its complexes were also performed at B3LYP/6-31G(d,p) level of theory. Detailed interpretations of the infrared and Raman spectra of flurbiprofen are reported. The UV-vis spectra of flurbiprofen and its metal complexes were also investigated in organic solvents.
Introduction

Flurbiprofen (FBF) {(R,S)-[2-(2-fluoro-4-biphenyl)]propionic
acid} is a non-steroidal anti-inflammatory drug (NSAID) known by the trade name ANSAID and marketed by Pfizer used to treat rheumatoid arthritis, osteoarthritis, and mild to moderate pain [1] . It is a racemic mixture with presumed differential activities of the (−)-(S)-and (+)-R-isomers. The (S)-enantiomer of NSAIDs only exhibits pharmacological activity through the inhibition of the cyclooxygenase (COX) system, while an (R)-enantiomer is not only biologically inactive but also shows negative effects, such as gastrointestinal toxicity and chiral inversion [2] . The two polymorphic forms were identified by using thermoanalytical and spectral methods [3] .
The crystal structure of flurbiprofen has been determined and hydrogen-bonded dimer units were found in the crystal [4] . Also, Yates et al. [5] have studied the theoretical NMR spectra of FBF using density functional theory (DFT) together with the gauge including projector augmented wave (GIPAW) method.
The investigation of vibrational spectra of some NSAIDs has been given by several researchers [6] [7] [8] . In our previous study, we have also investigated Raman and infrared spectra of Fenbufen, which is one of the NSAID's [9] . Firstly, the objective of the present work is to study theoretically the structural properties of FBF as a dimer * Corresponding author. Tel.: +90 262 303 20 47.
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using the density functional theory calculations and to investigate the vibrational properties using Raman and infrared spectroscopy. B3LYP/6-31G(d,p) level has been used to support our wavenumber assignments.
Many drugs possess toxicological and pharmacological properties modified using metal complexes and probably the most widely studied complexes in this respect contain the Cu(II) ion which has proved beneficial in many diseases such as tuberculosis, gastric ulcers, rheumatoid arthritis and cancers [10] [11] [12] [13] . A range of Cu complexes has been studied as anti-inflammatory agents, ranging from simple Cu salts to monomeric and dimeric Cu(II)-carboxylato complexes [14] .
The toxicity of metals such as mercury on a biological system may result from blocking the essential functional group of the biomolecules. Hg(II) has also been used in medicine for many years [15] . Although a variety of complexes containing cupper(II) have been synthesized, only one study has been reported for the NSAID-Hg(II) complex [16] . In that study, Demertzi et al. [16] have reported the reactions of diclofenac with Zn(II), Cd(II) and Hg(II) in aqueous solutions. Secondly, in the present study, we report the synthesis and the characterization of a new mercury(II)-flurbiprofen complex. Although the synthesis and pharmalogical activity of Cu(II) metal complex of FBF has been studied [17] , the structural determination is incomplete and conflicting. Therefore, we investigated it again experimentally by means of vibrational spectroscopy and electronic spectroscopy of the Cu(II) complex together with the Hg(II) complex of FBF. To better understand the structural and bonding characteristics of Cu (II) and Hg(II) complexes, a series of DFT calculation have been carried out.
Experimental
FBF in solid state was purchased from Sigma-Aldrich Chemical Company, USA and used as such without further purification to record FT-IR, FT-Raman and electronic spectra.
Synthesis of complexes
The ligand Cu 2 (FBF) 4 was synthesized by the reported method [17] . Anal. Calc. for [Cu 2 (FBF) 4 ]: C, 65.51%; H, 4.40%; Found: C, 65.42%; H, 4.37%.
The mercury complex of FBF was prepared as follows: mercury acetate (159 mg, 0.5 mmol) was dissolved, by heating and stirring, in 15 ml water. This solution was added (10 min) to a solution of FBF (0.4885 g, 2.0 mmol) in 10 ml methanol. The resulting white suspension was filtered and the solid residue was washed with water. After drying at 100 • C, the substance was ground and dissolved in 30 ml methanol, refluxed for 20 min, and the supernatant was discarded.
The process was repeated three times, followed by evaporation of the solvent under reduced pressure at 40 • C. Anal. Calc. for [Hg 2 (FBF) 4 ]: C, 52.44%; H, 3.52%; Found: C, 52.04%; H, 3.51%.
Spectroscopic measurements
The FT-IR spectra were recorded with Shimadzu 8201 spectrometer using the KBr pellet technique in the region of 4000-400 cm −1 , which was calibrated using polystyrene. The FT-Raman spectra of FBF and its metal complexes have been recorded using a Nd:YAG laser (9394.8 cm −1 ) for excitation in the region of 3500-50 cm −1 on a Bruker-FRA-106 spectrophotometer with a scanning speed of 200 cm −1 min −1 and a spectral width of 4.0 cm −1 .
The electronic spectra of UV-vis zone (200-800 nm) of these compounds were measured (1 cm quartz cell; 0-2.5 absorbance values range) by means of a UV-1601PC Shimadzu spectrophotometer, in THF and dioxane solutions.
Theoretical methods
For the flurbiprofen molecule in this study, a full geometry optimization on the basis of crystal structure was carried out with the density functional theory method by a hydrid functional B3LYP functional (Becke's Three Parameter Hybrid Functional Using the LYP Correlation Functional) [18, 19] . 6-31G(d,p) and Los Alamos National Laboratory 2-Double-Zeta (LanL2DZ) basis set [20] have been chosen in the DFT calculations. LanL2DZ basis set was used in the calculations in order to make a comparison with the structural parameters of Cu(II) and Hg(II) complexes of flurbiprofen. After geometry optimization, the vibrational spectra have been calculated with the B3LYP/6-31G(d,p) method. The frequencies from the B3LYP calculations have been scaled by a factor of 0.96, which is a typical correction factor for B3LYP frequencies [21] . Molecular geometry is restricted and all the calculations for flurbiprofen are performed using the Gauss-View molecular visualization program [22] and the Gaussian 03 program package on a personal computer [23] .
The geometry pre-optimizations of the Cu(II) and Hg(II) complexes of flurbiprofen were carried out by applying the molecular-mechanics method with MM+ force field using the HyperChem-7.5 software [24] . Pre-optimization performed as such makes it easier to perform full optimization using extended methods. Thereafter, the optimized equilibrium structures of complexes have been calculated at the B3LYP/LanL2DZ level using the GaussView molecular visualization program [22] and the Gaussian 03 program package on a personal computer [23] .
Results and discussion
Structure of flurbiprofen dimmer
FBF molecule basically consists of two hexagonal rings and one propionic acid chair. In the CSD molecular structure database, two crystal structures of flurbiprofen, one in a monomer and one in a dimer form, are found (Cod name is FLUBIP) [25] (Fig. 1) . The dimeric flurbiprofen contains hydrogen bonds between the two oxygen atoms of the carboxyl groups of two adjacent molecules [4] . There are several formal single bonds in the flurbiprofen, including that connecting the two aromatic rings, about which there may be conformational flexibility [5] . In present study, we have investigated a dimer structure of FBF using the density functional B3LYP method with 6-31G(d,p) and the LanL2DZ basis sets, because experimental infrared spectrum of FBF molecule has been shown to be in the dimer structure of this molecule. The optimized structure obtained using B3LYP/6-31G(d,p) of FBF is given in Fig. 2 .
The geometric parameters (bond lengths and angles) of flurbiprofen dimer calculated using the B3LYP/6-31G(d,p) and the B3LYP/LanL2DZ methods are listed in Table 1 and compared with the parameters experimentally obtained from both crystal geometries [25] . These calculated geometric parameters give bond lengths which are slightly larger than the experimental values, due to the fact that the theoretical calculations belong to isolated molecules in a gaseous phase and the experimental results belong to molecules in solid state.
The solid biphenyl itself is planar [26] . In the FBF dimer both aromatic rings are planar, but the presence of the fluorine atom on C(1) forces a rotation of two planes about the C(12)-C(13) bond such that the C(14)-C(13)-C(12)-C(1) torsion angle is −54.4 • [4] . Therefore, we calculated this deviation from planarity for flurbiprofen, which is found as −39.73 • and −37.08 • for B3LYP/6-31G(d,p) and B3LYP/LanL2DZ levels, respectively. In spite of the differences, theoretical geometric parameters show a good approximation and they are the bases for calculating other parameters, such as vibrational frequencies and electronic properties.
Yates et al. [5] studied the optimized geometry of the FBF dimer by using DFT calculations. They studied two proposed geometries for FBF, one with all the atomic positions relaxed, and other with only the hydrogen positions relaxed. According to their calculations [5] Table 1 , even though we have not got any restrictions for our calculated geometrical parameters.
Structures of metal complexes
The structure of the metal complexes is likely to be an important factor in its biological activity. All NSAIDs bind the metal through the carboxylate group. There are three main structures for metal complexes of NSAID's: a unidentate, a chelating bidentate and a bridged bidentate structure. The coordination number around Cu(II) center ranges from four to six [27] . Therefore, Cu(II) complex of FBF may not be a unidentate bonding. Therefore, we investigated the other two possible structures of the Cu-FBF complex. The position of asymmetric and symmetric stretching vibrations of carboxylate groups, s (COO − ) and a (COO − ), in the vibrational spectra for NSAID's complexes helps to determine the type of carboxalate-to-metal complexation structure [28] [29] [30] . According to the vibrational spectra for the metal complexes of FBF, we have proposed that these complexes may have a bridged bidentate structure.
Oga et al. [17] have suggested that carboxylate groups of the Cu-FBF complex are neither unidentate nor bridging bidentate complex. In that study, the characteristic absorption band (∼370 nm) due to Cu-Cu interaction [17] in the electronic spectrum of possible FBF-Cu bridging bidentate complex must have been observed. However, the origin of this band remains unclear. It is observed for both chelating bidentate complexes and bridging bidentate complexes of NSAID's [31, 32] .
The suggested structures for the Cu 2 (FBF) 4 and Hg 2 (FBF) 4 complexes were optimized using the B3LYP method with the LanL2DZ basis set (Fig. 3) . Those are binuclear and contain a metal-metal center with four bridging FBF ligands. Selected calculated bond lengths and angles of Cu(II) and Hg(II) complexes are gathered in Table 2 .
According to the optimized geometries of the Cu 2 (FBF) 4 and Hg 2 (FBF) 4 complexes, both metal atoms (Cu or Hg) have a distorted square-pyramidal geometry. The B3LYP/LanL2DZ-calculated Cu-O bond lengths of the Cu(II) complex range from 1.954 to 2.060 Å. These are in the range observed for a series of structurally characterized Cu(II) compounds [28, 33] . The Cu-Cu distance of the Cu com- 
Table 1
Selected theoretical (B3LYP/6-31G(d,p) and B3LYP/LanL2DZ levels) and experimental geometrical parameters in FBF (bond lengths in Å, bond angles in degrees).
Parameters
Monomer Dimer 4 (Table 1) . Besides, the Hg-Hg bond distance is found as 3.264 Å using the B3LYP/LanL2DZ level. The O-M-O and O-C-O bridging angles of complexes are also given in Table 2 .
Electronic properties of the studied molecules
The dipole moments, energies, the highest occupied molecular orbital (HOMO) energies, the lowest unoccupied molecular orbital (LUMO) energies and the energy gap for studied molecules have been calculated and given in Table 3 .
An electronic system with a larger HOMO-LUMO gap should be less reactive than one having a smaller gap [34] . The HOMO-LUMO gap values of the studied molecules are between 0.141 and 0.48 eV, so electron movement between these orbitals could easily occur so that we observe a peak around 250 nm in the UV-vis spectra.
3D plots of the HOMO and LUMO for the FBF dimer are shown in Fig. 4 . The highest occupied molecular orbitals are localized mainly on the carbon atoms having single bonds in the biphenyl ring and fluorine atom, the lowest unoccupied molecular orbitals are also mainly on the carbon atoms having single bonds in the biphenyl ring. The coefficients of the HOMO and LUMO for FBF dimer using B3LYP/6-31G(d,p) level are calculated as follows: 
Molecular orbital coefficients analyses based on B3LYP/6-31G(d,p) level optimized structure indicate that, for the flurbiprofen dimer, the frontier molecular orbitals are mainly composed of p atomic orbitals, so electronic transitions from the HOMO to the LUMO are mainly derived from the electronic transitions of → *.
Electronic spectra of the FBF and its Cu(II) and Hg(II) complexes
The electronic spectra of the FBF, Cu 2 (FBF) 4 and Hg 2 (FBF) 4 were recorded in dioxane and THF solutions (Fig. 5) . The intense peak near 290 nm in the electronic spectra of FBF and Cu 2 (FBF) 4 is due to the FBF molecule [17] . This peak is observed in the electronic spectrum of the Hg 2 (FBF) 4 complex in the THF solution. These bands located between 255 and 300 nm results from the → * transitions of aromatic ring system.
All the Cu(II)-NSAID adducts have a band about 690 nm (from 680 nm for Cu-oxaprozinate to 697 nm for Cu-ibuprofen), which can be attributed to the formation of a ligand-Cu(II) complex [29, 35, 36] . One weak characteristic absorption band (∼690 nm) in the range 300-800 nm for the Cu 2 (FBF) 4 complex in the both of the solutions has been observed and this can be assigned to d-d transitions(characteristic of dz 2 → dx 2 − y 2 transition [35] ). This band can also involve three transitions originated from splitting of the 2 E g and 2 T 2g states of the octahedral copper(II) ion (with d 9 electronic configuration) under the effect of a tetragonal distortion. It is proposed that all three transitions lie within the single broad absorption band [17] .
The complex Hg 2 (FBF) 4 has not shown any characteristic absorption peaks in its electronic spectra in the 800-200 nm region. 
Infrared and Raman spectra of FBF
The FBF molecule possesses C1 symmetry; therefore the vibrations of the molecule are IR and Raman active. The experimental FT-IR and FT-Raman bands together with their intensities and band assignments of this molecule are presented in Table 4 . The complete assignments of all vibrational bands require application of both IR and Raman methods supported by theoretical calculations. Therefore, the harmonic vibrational frequencies calculated for FBF at the B3LYP/6-31G(d,p) level are also given in Table 4 The observed and calculated [B3LYP/6-31G(d,p)] Raman spectra of the FBF dimer are shown in Fig. 6 . As seen in Fig. 6 , the scaled theoretical Raman spectra are in agreement with the experimental spectrum in the 3500-500 cm −1 region, however, changes in the intensity of vibrations below 500 cm −1 have been observed. The experimental FT-IR spectrum of the FBF dimer is given in Fig. 7 .
The FBF molecule consists of one -COOH group, one florobiphenyl ring, C-H and CH 3 groups. Determining the vibrations of these groups in the molecule is important in order to achieve structural characterization. Also, the position and the intensity of vibrational bands for COOH group are mainly significant to determine whether FBF has a monomer or a dimer structure. Therefore, we firstly try to assign COOH group vibrations.
Monomeric carboxylic acid absorbs weakly and sharply at 3580-3500 cm −1 , but dimer carboxylic acids are usually characterized in the condensed state by a strongly bonded, very broad OH stretching band centering near 3000 cm −1 [37] . In the IR spectrum of FBF, it is observed at 2907 cm −1 and calculated at 3068 cm −1 . Therefore, the FBF used in our study is in a dimeric form in the solid state. Distinctive shoulders between 2700 and 2500 cm −1 appear regularly in carboxyl dimers. The OH symmetric mode is identified with the frequency no. 155 at 2535 cm −1 in FT-Raman spectrum. Vibrational modes: , stretching; ␦, in-plane deformation; , wagging; ␥, out-of-plane deformation; , rocking. s, strong; m, medium;w,weak; vw, very weak; sh, shoulder. Subscripts: A, asymmetric; S, symmetric. a A: unscaled wavenumber and B: scaled wavenumber. The symmetric carbonyl stretching band [ s (C O)] in the most carboxyl dimers is Raman active only and this band appears between 1680 and 1640 cm −1 . Also, the asymmetric stretching band [ a (C O)] is infrared active only and it is found at 1720-1680 cm −1 [37] . The a (C O) and s (C O) bands appear at 1701 and 1696 cm −1 in the infrared and Raman spectra of FBF, respectively. This is in excellent agreement with the very strong theoretical IR frequency at 1702 cm −1 , but s (C O) band in the calculated Raman spectrum is found at a lower wavenumber (1649 cm −1 ).
The strong band at 1258 cm −1 in the FT-IR spectrum is assignable to C-O stretching mode. The theoretically calculated value (mode no. 116) at 1241 cm −1 exactly coincides with the experimental value.
Below 1000 cm −1 several in-plane and out-of-plane deformation modes have been observed in the FBF spectra. The best infrared band for the carboxyl dimer is a broad, medium intensity band at 960-875 cm −1 due to out-of-plane OH. . .O hydrogen deformation [38] . This band is present here only for the dimer and is usually noticeably broader than other hands in this region. In the present work, this band at 957 and 959 cm −1 in the infrared and Raman spectra, respectively have been assigned to ␥(OH. C-H in-plane and out-of-plane deformation vibrations of FBF are given in Table 4 . The medium bands at 1622, 1580, 1562, 1514 and 1483 cm −1 in the FT-IR spectrum of FBF (Fig. 6 ) can be assigned as the stretching modes of biphenyl rings. These calculated biphenyl ring modes are between 1600 and 1470 cm −1 . Also, only the calculated IR frequencies of FBF dimer below 400 cm −1 are given in Table 4 because the lowest frequency modes of IR spectrum are not observed due to instrumental restrictions.
Infrared and Raman spectra for the Cu(II) and Hg(II) complexes of FBF
The FT-IR (1800-400 cm −1 ) and FT-Raman (3500-50 cm −1 ) spectra of the metal complexes with FBF are shown in Figs. 8 and 9 , respectively. The IR and Raman data are presented in Table 5 . The assignment was done on the basis of a comparison with the assignment of the FBF dimer described above and the related complexes of NSAID's [16, 17, 27, 29, 35, 36] . We have commented here only on the FBF bands which change their positions because of the coordination in the metal complexes, because the vibrational spectrum of FBF was investigated in detail. The small frequency shifts in the vibrational spectra of the complexes can be attributed to different effects of the cation in each complex.
The broad band observed around 2900 cm −1 in the IR spectra of the ligand is assigned to (OH), which was found to have disappeared in their respective complexes, thereby indicating the involvement of oxygen bonding with metal ions through deprotonation. The (C-H) modes have no significant shifts in the wavenumber compared to those in the free FBF molecule.
The strong absorption peak in the IR spectrum of FBF at 1701 cm −1 , due to the carbonyl oxygen atom of the carboxylic group, was not detected in the spectra of the complexes, indicating that this moiety participates in the bonding to the metal ions.
The major characteristic of the IR spectra is the frequency of the asymmetric a (COO − ) and symmetric s (COO − ) stretching vibrations and relative positions = a (COO − ) − s (COO − ). The frequency of these bands depends upon the coordination mode of the carboxylato ligand. For the -COO group, unidentate or bidentate modes of coordination have been observed [30] .
It [31] . In addition, there is a strong symmetric s (COO − ) band near 1440 cm −1 in the chelating monomers that is absent in bridging bidentate complexes. A strong s (COO − ) band is present near 1400 cm −1 for dimers [27] .
In the infrared and Raman spectra for the Cu(II) complex of FBF, a very strong band at 1589 cm −1 and a weak band at 1576 cm −1 , respectively are the effects of the A (COO − ), furthermore strong 4 showed two bands at 1560-1566 cm −1 and 1400-1401 cm −1 , characteristic of carboxylate asymmetric and symmetric vibrational stretching, respectively. The differences between these bands for the Hg(II) complex is close to that found for a bidentate bridging carboxylate ( (COO − ) = 160 cm −1 in infrared spectrum and 165 cm −1 in Raman spectrum).
These findings propose that the Cu(II) and Hg(II) complexes of the FBF molecule behave as a bridging bidentate ligand, in which oxygen atom is bound to a atom of metal, having a dimeric structure (M 2 (FBF) 4 , M = Cu and Hg).
The band around 1460 cm −1 in the IR spectra of the studied compound was assigned to the asymmetrical CH 3 deformation mode of the studied molecules. Other important bands are those corresponding to the metal-ligand (oxygen) bond vibrations, which are recorded in this case in the 405-300 cm −1 range. The bands found in the Raman spectrum of the Cu(II) complex at 396 and 344 cm −1 are assigned to Cu-O stretching vibrations. As for the Raman spectrum of the Hg 2 (FBF) 4 complex, these bands are observed at 405 and 303 cm −1 , respectively.
Conclusions
The frequency assignments were performed for the first time from the FT-IR and the FT-Raman spectra recorded for the flurbiprofen dimer and its copper and mercury complexes. The theoretical DFT calculations of the vibrational spectra of the flurbiprofen presented in this paper were compared with the experimental vibrational spectra of the solid flurbiprofen dimer. Vibrational spectroscopic data support the formation of dimeric Cu(II) and Hg(II) complexes in which the COO − group behaves as a bridging bidentate structure. The structural parameters were calculated at the DFT level of theory using B3LYP functional for the flurbiprofen dimer (with 6-31G(d,p) and LanL2DZ basis sets) and its metal complexes (only with LanL2DZ basis set).
